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provided  by  the  Federal  Aviation  Administration  Technical  Center, 
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as  the  FAA  Technical  Manager . 
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SECTION  1 


INTRODUCTION  AND  BACKGROUND 


The  application  of  composite  materials  to  primary  aircraft 
structures  requires  proven  certification  procedures  to  demon¬ 
strate  their  structural  integrity.  The  crux  of  certification 
methodoloyy  is  to  demonstrate  adequate  static  and  fatigue 
strength  by  analysis  and  test.  Application  of  the  metallic 
certification  data  base  to  composite  structures  is  limited  by  the 
inherent  differences  between  composites  and  metals.  Composites 
have  a  more  linear  load-strain  response,  a  greater  sensitivity  to 
stress  concentrations  and  environments,  higher  data  scatter  and  a 
multiplicity  of  potential  failure  modes. 

Current  practice  is  to  carry  out  an  extensive  design 
development  test  effort  to: 

1.  Establish  environmental  and  scatter  knockdown  for 
strength  critical  failure  modes,  and 

2.  Validate  critical  design  features. 

These  tests  are  conducted  at  the  coupon,  element  and  subcomponent 
levels.  Following  these  tests,  certification  culminates  in  room 
temperature  ambient  full-scale  static  and  fatigue  tests. 
Usually,  only  one  a-  tide  is  available  for  each  test. 

In  order  to  have  confidence  in  the  certification  compli¬ 
ance  of  full  scale  tests,  it  is  imperative  to  be  able  to  quanti¬ 
tatively  interpret  the  test  data  generated.  This  is  achieved  by 
using  the  design  development  data  not  only  in  their  traditional 
role  in  design  development  but  also  in  the  interpretation  of 
full-scale  test  data. 

Current  certification  practices  do  not  provide  an  overall 
testing  methodology  for  the  planning  and  quantitative  interpre¬ 
tation  of  design  development  and  full-scale  test  data. 

The  objective  of  this  program  is  to  develop  a  certifica¬ 
tion  testing  methodology  for  composite  aircraft  structures. 
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The  capability,  advantages,  disadvantages  of  each  approach 
to  determine  minimum  (B-Basis)  and  mean  life  and/or  strength  are 
fully  evaluated.  Effects  of  these  approaches  on  the  certifica¬ 
tion  procedure  of  composite-metal  mixed  structure  are  also 
investigated.  The  conclusions  of  this  evaluation  are  then  used 
in  the  methodology  development. 

A  methodology  for  certification  testing  of  composite 
structures  is  developed  in  Task  III.  The  methodology  is  based  on 
the  results  of  the  evaluation  in  Task  II  and  the  scatter  analysis 
in  Task  I.  The  number  and  types  of  tests  required  at  each  level 
(coupon,  element,  subcomponent,  component,  and  full-scale)  of 
testing  are  defined.  Test  data  interpretation  methodology  is 
also  developed.  As  part  of  this  task,  a  detailed  description  of 
the  developed  methodology  is  presented.  This  description 
includes  detailed  instructions  for  application  and  utilization  of 
the  methodology  within  the  overall  developmental  process  to 
satisfy  design  service  life  requirements  for  aircraft  utilizing 
composite  structures.  The  description  also  includes  application 
of  the  methodology  in  an  aircraft  design/development  program  and 
determine  the  effects  on  service  life  resulting  from  usage  change 
of  an  aircraft  after  its  introduction  into  the  fleet. 

In  Task  IV,  the  methodology  is  demonstrated  on  an  exist¬ 
ing  composite  structure.  The  full-scale  wing  and  fuselage  compo¬ 
nents  from  the  Composite  Wing/Fuselage  Program  (Reference  1)  are 
selected  for  this  demonstration  purpose.  The  results  of  the 
tests  that  have  been  performed  on  these  demonstration  articles 
are  reevaluated  using  the  methodology  developed  in  Task  III. 

The  scatter  analysis  methods  and  results  of  static 
strength  and  fatigue  life  data  analysis  are  discussed  in  Volume 
I.  Details  of  Task  II  -  Certification  Approach  Develop¬ 
ment/Evaluation,  Task  III  -  Methodology  Development  and  Task  IV  - 
Methodology  Demonstration  are  given  in  Volume  II.  Recommen¬ 
dations  and  certification  testing  requirements  are  also  docu¬ 
mented  in  Volume  II.  Computer  programs  to  evaluate  structure 
reliability  are  appended  to  Volume  II. 
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SECTION  2 

SCATTER  ANALYSIS  METHODS 


During  the  last  two  decades,  the  Navy  and  Air  Force  have 
generated  a  large  amount  of  static  and  fatigue  data  on  compos¬ 
ites,  These  data  have  indicated  that  composites  exhibit  higher 
data  scatter  than  their  metallic  counterparts  in  both  static 
strength  and  fatigue  life.  In  order  to  interpret  this  composite 
test  data  base  in  a  meaningful  manner  and  fully  exploit  its 
implications  for  future  aircraft  structure  design  and  certifica¬ 
tion,  it  is  necessary  to  use  statistical  methods  of  analysis. 
The  analysis  methods  are  discussed  in  the  following  paragraphs. 
The  results  of  static  strength  data  analysis  are  given  in  Section 
3  and  the  results  of  fatigue  life  data  analysis  are  presented  in 
Section  4. 

2 . 1  Two-Parameter  Weibull  Distribution 

Several  probabilistic  distributions  have  been  used  in  the 
past  to  describe  the  distribution  of  static  strength,  fatigue 
life  and  residual  strength  data  of  composites.  Among  these 
distributions,  the  three  most  commonly  used  have  been: 

1.  The  normal, 

2.  The  log-normal  distributions,  and 

3.  The  two-  or  three-parameter  Weibull. 

The  two-parameter  Weibull  distribution  is  selected  for 
data  interpretation  in  this  program  for  the  following  reasons: 

1.  The  distribution  is  expressed  in  a  simple  functional 
form  and  easy  to  apply. 

2.  The  distribution  describes  composite  static  and 
fatigue  test  data  well  and  has  been  widely  accepted 
for  composite  statistical  data  analysis. 

3.  Standard  tables  and  computing  routines  are  available. 
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4.  Data  can  be  interpreted  on  a  sound  physical  basis,  so 
that  A-Basis  and  B-Basis  allowables  determined  for 
static  strength  are  more  reliable. 

5.  Censoring  techniques  and  pooling  techniques  are  fully 
developed  and  verified. 

6.  Hypothesis  testing  methods  for  statistical  signifi¬ 
cance  are  available  and  verified. 

The  two-parameter  Weibull  distribution  is  given  by  the 
probability  density  function: 

D<x!a,/J)  (1) 

or  by  the  cumulative  survival  probability  function 

p(X  «  x)  =  e~(x/0)a 


where 

x  is  the  random  variable, 
a  is  the  shape  parameter, 

1 3  is  the  scale  parameter. 

The  mean  and  standard  deviation  of  a  Weibull  population 
can  be  expressed  in  terms  of  a  and  j3  as 


H  =  P 


(3) 


and 


<*=0 


(4) 
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where 

ju  is  the  population  mean, 

a  is  the  population  standard  deviation 

T  is  the  Gamma  function. 

For  a  given  set  of  data,  the  shape  and  scale  parameters  of 
the  Weibull  distribution  must  be  estimated.  Some  of  the  tech¬ 
niques  used  for  determining  these  estimators  are: 

1.  The  maximum  likelihood  method, 

2.  Moments  method,  and 

3.  Least  squares  method. 

The  maximum  likelihood  method  (MLE)  was  selected  to  esti¬ 
mate  the  parameters,  because  it  is  derived  directly  from  the 
maximum  likelihood  functions  and  does  not  require  any  biased  data 
fitting  and,  therefore,  unique  values  of  a  and  p  can  be  ob¬ 
tained.  The  MLE  method  involves  the  solution  of  two  algebraic 
equations  given  by 


and 


where 


and 


x^  is  the  data  value 

n  is  the  total  number  of  data  points 
nf  is  the  total  number  of  failures 

A  A 

a  and  p are  the  estimators. 


(5) 


(6) 
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Equations  (5)  and  (6)  are  applicable  to  both  complete 
(nf  =  n)  and  censored  (nf  <  n)  samples.  The  value  of  a  is  deter- 

,  ,  A 

mined  by  solving  Equation  (5)  using  an  iteration  scheme  and  p  is 
obtained  from  Equation  (6). 

In  order  to  determine  the  allowable  statistics,  an  inter¬ 
val  estimate  of  the  parameters  must  be  first  carried  out.  For  a 
Weibull  distribution  with  known  shape  parameter,  it  has  been 
shown  (Reference  2)  that  the  scale  parameters  of  random  samples 

form  a  chi-square  (x2)  distribution.  The  7  level  of  confidence 

v 

for  the  scale  parameter  (fi)  is  then  given  by 


v 

07  = 


jXi_7(2n)/(2n) 


where  Xj_7(2n)  is  the  value  of  chi-square  function  with  2n  degree- 
of-freedom  at  1-7  probability.  The  allowable  statistics  (N)  can 
now  be  determined  as 


N  =  p  (-In  p) 


v  ft 

N  =P 


where 


Xj_7(2n)/2n 


p  is  the  desired  probability  of  survival, 

p  =  0.90  and  7=  0.95  for  B-basis  and 

p  =  0.99  and  7  =  0.95  for  A-basis. 

A  typical  probability  plot  of  the  Weibull  distribution  of  static 
composite  strength  is  shown  in  Figure  1,  which  also  shows  the 
0.95  confidence  interval  of  p  and  the  B-basis  allowable. 


A A: 


-V '-yry-  -~v  v  V 
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In  addition  to  the  above  statistics,  a  scatter  faccor  is 
,  v 

defined  as  the  ratio  of  the  mean  and  allowable  (/i/N)  •  Such  a 

factor  signifies  the  relation  between  the  central  tendency  of  a 

data  set  (the  mean)  and  the  extreme  statistics  (the  allowable) . 

The  value  of  this  factor  depends  upon  the  shape  parameter  (a)  and 
.  v 

the  sample  size  (n)  .  A  typical  plot  of  /i/N  as  a  function  of 

a  for  a  sample  size  of  five  is  shown  in  Figure  2. 

A  computer  program  has  been  written  to  compute  the  scale 
and  shape  parameters  and  the  B-Basis  allowables.  The  program 
listing  as  well  as  the  input  and  output  descriptions  are  given  in 
the  Appendix  of  Volume  II. 

2.2  Data  Poolincr  Techni 


The  two-parameter  Weibull  distributions,  discussed  in  the 
previous  subsection,  is  selected  as  the  basic  analytical  tool  for 
scatter  analysis.  The  application  of  Weibull  distribution  to 
determine  the  allowable  statistics  with  adequate  confidence 
requires  a  sufficiently  large  number  of  test  data  point  for  each 
individual  test  condition.  However,  in  most  of  the  published 
composite  research  and  development  programs,  fatigue  data  were 
generated  at  three  or  four  stress  levels  with  approximately  three 
specimens  tested  at  each  stress  level.  These  type  of  data  are 
not  adequate  to  determine  the  fatigue  lifetime  scatter  at  each 
stress  level  using  the  individual  Weibull  analysis.  Therefore, 
in  addition  to  the  basic  two-parameter  Weibull  analysis,  two 
pooling  techniques  were  selected  for  fatigue  data  scatter  analy¬ 
sis  in  order  to  include  this  type  of  data  in  the  scatter  analysis 
data  base.  The  objective  of  both  techniques  is  to  analyze  the 
fatigue  data  obtained  at  all  stress  levels  as  one  data  set.  This 
provides,  an  adequate  number  of  data  points  for  an  accurate  sta¬ 
tistical  analysis. 

The  two  pooling  techniques  selected  were  the  Joint  Weibull 
analysis  and  the  Sendeckyj  equivalent  strength  model  (Reference 


r  V  *  "W-1 


fyiu*  v  w  v  *  u  w~u  T  v~»  y  i 


NADC-87042-60 


FIGURE  2.  RELATIONSHIP  BETWEEN  SHAPE  PARAMETER  AND 
SCATTER  FACTOR. 
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2.2.1  Joint  Weibull  Analysis 

In  the  Joint  Weibull  analysis,  M  groups  of  data  having  a 
common  shape  parameter  (a)  but  different  scale  parameters  (/3)  are 
pooled.  Application  of  this  pooling  technique  to  composite 
fatigue  life  data  analysis  makes  the  assumption  that  the  indi¬ 
vidual  a  value  is  independent  of  the  fatigue  stress  level.  This 
assumption  has  been  justified  by  the  results  of  the  individual 
Weibull  analysis  of  fatigue  data  in  Reference  4.  A  typical 
result  is  shown  in  Figure  3,  which  indicates  that  no  definite 
relation  exists  between  the  Weibull  shape  parameter  (a)  and  the 
normalized  fatigue  stress  level,  Pp/Ps* 

The  shape  (a)  and  scale  (  )  parameters  of  the  Joint 
Weibull  distribution  are  obtained  by  the  joint  maximum  likelihood 
estimate  method.  This  analysis  is  similar  to  that  used  for  the 
basic  two-parameter  Weibull  analysis  which  was  discussed  in 
Section  2.1.  However,  the  joint  maximum  likelihood  estimate  is 
applied  to  M  groups  of  data  (e.g.,  fatigue  stress  levels)  by 
assuming  their  shape  parameters  are  not  significantly  different. 
The  estimators  are  obtained  by  solving  the  equations: 


and 


ni 

£ 

i=i 


In 


M 


A 


a 


where 


A 


n. 

i 


nfi  j=l 


l/a 


n^  ( i=l , 2 . . . , M)  is  the  number  of  data  points  in 
the  i^h  group  of  data, 

nfi (i=l, 2 . . . ,M)  is  the  number  of  failures  in  the 
ith  group  of  data. 


(10) 


(11) 


[  ,  0  m  «  «  »  .  »  ,  t  T  .  7  -  •  *  \  •  *  *  ", 

fc**  "m  .  *  *•  ■  ■  "V  v  ■  _  »  _  *  .  »  _  »  m  v  '  0  i^-Tt  *►■"»**  ‘  .  -  .*■  _,*■  „•  •  . 
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where 

ae  is  the  equivalent  static  strength, 
ua  is  the  maximum  applied  cyclic  stress, 
or  is  the  residual  strength 
N  is  the  number  of  fatigue  cycles 
S  and  C  are  fitting  parameters 

The  fatigue  power  law  is  obtained  from  the  wear-out  equation  by 
setting  aa  =  or,  thus 

0a  a  -  C  +  CN)S  =  ou  (13) 


where  au  is  the  static  strength. 

The  basic  Sendeckyj  analysis  calculates  the  scatter  in 
equivalent  static  strength  (not  fatigue  life) .  Through  proper 
transformation  of  the  probability  function,  it  can  be  shown 
(Reference  3)  that  at  each  individual  stress  level,  the  fatigue 
life  distribution  (a^)  is  also  a  Weibull  distribution  with  a 
shape  parameter 

aT  Sa  (14) 

L  e 

where  ae  is  the  Weibull  shape  parameter  of  the  equivalent 
strength  population  and  is  the  shape  parameter  of  the  fatigue 
life  distribution. 

Figure  4  shows  an  example  comparing  the  B-basis  life 
determined  from  the  individual  Weibull  analysis,  pooled  Weibull 
analysis  and  Sendeckyj  analysis.  For  the  individual  Weibull 
analysis,  the  ratio  of  B-basis  life  to  mean  Weibull  life  is 
different  for  each  stress  level.  The  Joint  Weibull  analysis 
produces  a  constant  ratio  of  B-basis  life  to  mean  Weibull  life 
for  all  stress  levels.  The  Sendeckyj  analysis  calculates  the 
ratio  of  B-basis  equivalent  static  strength  to  mean  Weibull 
equivalent  static  strength,  which  then  translates  into  a  constant 
ratio  of  the  B-basis  stress  life  curve  to  the  mean  Weibull  stress 
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life  curve.  Specific  advantage  of  the  Sendeckyj  analysis  is 
that,  through  its  assumption  of  the  mathematical  form  of  the 
wear-out  equation,  it  provides  a  mathematical  function  for  the 
B-basis  stress  life  curve.  The  data  analysis  example  in  Figure  4 
shows  B-basis  life  calculations.  It  should  be  noted  that  any 
statistical  quantity  (e.g.,  A-basis)  can  be  calculated  by  the 
three  analysis  methods. 

2 . 3  Statistical  Significance  Tests 

The  procedures  for  comparing  two  Weibull  distributions 
have  been  discussed  in  Reference  7  through  11.  Standard  tables 
for  statistical  hypothesis  testing  of  significance  were  generated 
in  these  references.  In  this  program,  the  Weibull  parameters 
determined  for  each  test  condition  was  statistically  tested  for 
their  significance.  in  this  manner,  the  significance  of  the 
effects  of  each  test  parameter  on  data  scatter  was  defined  and  an 
allowable  factor  will  be  established  for  each  test  condition. 
The  factors  obtained  can  then  be  used  with  confidence  for  test 
data  interpretation. 


The  equality  of  both  the  shape  parameter  and  scale  param¬ 
eter  for  two  Weibull  distributions  was  tested.  For  the  shape 
parameter,  the  null  hypothesis  to  be  tested  is 


H 


a 


2 


against  the  alternative  hypothesis 


(14) 


“a  :  ai  *  a2  <15) 

where  a ]_  and  a 2  are  the  shape  parameters  of  the  two  Weibull 
populations  being  compared. 


At  a  level  of  significance  7,  the  null  hypothesis  H0  is 
rejected  (i.e.,  the  difference  in  a  is  significant)  if 


w 


A 

a 


max 


A 

a 


nun 


(16) 
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where  i- y  depends  on  the  significance  level  7  and  the  sample  size. 
Values  of  $y  are  given  in  Reference  8  in  tabulated  form.  These 
values  are  used  in  the  program  for  the  test  of  equality  of  the 
Weibull  shape  parameters. 

The  test  of  equality  of  Weibull  scale  parameters  is  simi¬ 
lar  to  that  of  the  shape  parameters.  The  null  hypothesis 

Ho  :  ^2  =  U?) 

is  tested  against  the  alternative  hypothesis 

Ha  :  *  P2  (18) 

The  null  hypothesis  H0  is  rejected  at  a  level  of  significance,  , 
if 


u 


max 


mm 


( ty) 


(19) 


where  t'y  depends  on  the  significance  level,  7  ,  and  the  sample 
size.  Values  of  t-y  are  also  available  in  Reference  8.  The 
function  g(t-y)  is  a  function  of  the  average  shape  parameter  a  and 
ty  and  is  given  by 


g  (t7)  -  exp  (ty/ a  ) 


(20) 


where 

a  =  (a  +  a  2  )  / 2 . o 

The  hypothesis  testing  procedures  described  above  is 
applied  to  compare  the  scatters  of  static  and  fatigue  data.  A 
significance  level  of  7=  0.95  has  been  selected  for  these  tests. 
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SECTION  3 

STATIC  DATA  ANALYSIS 


An  extensive  composite  static  strength  data  base  exists  in 
the  literature.  From  this  data  base,  the  data  in  References  4 
and  12  through  15  have  been  selected  to  determine  static  strength 
data  scatter.  Data  source  selection  was  based  on  two  criteria: 
first,  a  minimum  number  of  six  data  points  per  data  set  is  re¬ 
quired  to  permit  accurate  statistical  analysis.  Second,  that  the 
data  cover  a  wide  range  of  test  variables  such  as  loading  mode, 
load  transfer,  laminate  layup,  specimen  type  and  test  environ¬ 
ment.  The  data  from  References  4  and  12  through  15  yielded  71 
separate  data  sets,  which  contained  approximately  1500  data 
point . 

The  analysis  is  conducted  in  three  phases.  First,  the 
static  test  data  from  Reference  4  ("Navy"  data)  are  analyzed  in 
detail.  Second,  the  extensive  static  test  data  in  References  12 
through  15  ("Baseline"  data)  are  analyzed.  Third,  the  Navy  and 
Baseline  data  sets  are  pooled  to  form  a  "Combined"  data  set  for 
overall  statistical  analysis.  The  results  of  these  analyses  are 
presented  in  the  following  paragraphs. 

3 . 1  Navy  Data 

The  Navy  static  test  data  in  Reference  4  represent  a  large 
variety  of  test  variables,  which  are  summarized  in  Table  1.  For 
increased  accuracy  in  the  statistical  analysis,  only  data  sets 
containing  six  or  more  data  points  were  used.  This  excluded  the 
complex  test  specimen  data  from  the  overall  analysis,  because  it 
was  based  on  three  replications.  Table  2  and  Figures  5  through  8 
present  the  results  of  the  statistical  analysis  in  terms  of  four 
variables:  loading  mode,  test  environment,  specimen  geometry  and 
laminate  lay-up. 

Figure  5  shows  that,  for  all  test  data,  tension  loading 
tests  data  have  a  higher  Weibull  shape  parameter,  a  ,  (less  scat¬ 
ter)  than  compression  test  data.  However,  Figure  5  also  shows 
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FIGURE  5.  INFLUENCE  OF  LOADING  MODE  ON  STATIC  STRENGTH  VARIABILITY  OF  NAVY  TEST  DATA. 


FIGURE  6.  INFLUENCE  OF  ENVIRONMENT  ON  STATIC  STRENGTH  VARIABILITY  OF  NAVY  TEST  DATA. 
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FIGURE  7.  INFLUENCE  OF  SPECIMEN  GEOMETRY  ON  STATIC  STR 
OF  NAVY  TEST  DATA. 


a 

!g 

?S 

Is 


D  d313kM  Vd  Vd  3d VHS  Vin0l3M 


FIGURE  8.  INFLUENCE  OF  LAY-UP  ON  STATIC  STRENGTH  VARIABILITY 
OF  NAVY  TEST  DATA. 
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TABLE  3.  SUMMARY  OF  SIGNIFICANCE  TESTS  FOR 

NAVY  STATIC  TEST  DATA  BY  LOADING  MODE. 


SAMPLE  A 

SAMPLE  B 

0.95  SIGNIFICANCE 

SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

RTD  TENSION 

ETW  TENSION 

NO 

NO 

RTD  TENSION 

ALL  TENSION 

NO 

NO 

ETW  TENSION 

ALL  TENSION 

NO 

NO 

RTD  TENSION 

ALL  STATIC 

NO 

NO 

ETW  TENSION 

ALL  STATIC 

NO 

NO 

RTD  TENSION 

RTD  COMPRESSION 

NO 

NO 

ETW  TENSION 

ETW  COMPRESSION 

NO 

NO 

ALL  TENSION 

ALL  COMPRESSION 

NO 

NO 

RTD  COMPRESSION 

ETW  COMPRESSION 

NO 

NO 

RTD  COMPRESSION 

ALL  COMPRESSION 

NO 

NO 

ETW  COMPRESSION 

ALL  COMPRESSION 

NO 

NO 

RTD  COMPRESSION 

ALL  STATIC 

NO 

NO 

ETW  COMPRESSION 

ALL  STATIC 

NO 

NO 

ALL  TENSION 

ALL  STATIC 

NO 

NO 

ALL  COMPRESSION 

ALL  STATIC 

NO 

NO 

TABLE  4.  SUMMARY  OF  SIGNIFICANCE  TESTS  FOR  NAVY 
STATIC  TEST  DATA  BY  TEST  ENVIRONMENT. 


SAMPLE  A 

SAMPLE  B 

0.95  SIGNIFICANCE 

SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

RTD 

ETW 

NO 

NO 

RTD 

ALL 

NO 

NO 

ETW 

ALL 

NO 

NO 
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TABLE  5.  SUMMARY  OF  SIGNIFICANCE  TESTS  FOR  NAVY 
STATIC  TEST  DATA  BY  SPECIMEN  TYPE. 


SAMPLE  A 

8AMPLE  B 

0.85  SIGNIFICANCE 

SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

NO  L/T 

INT.  L/T 

NO 

NO 

NO  L/T 

HIGH  L/T 

NO 

YES 

INT.  L/T 

HIGH  L/T 

NO 

YES 

NO  L./T 

ALL 

NO 

NO 

INT.  L/T 

ALL 

NO 

NO 

HIGH  L/T 

ALL 

NO 

NO 

I 
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TABLE  6.  SUMMARY  OF  SIGNIFICANCE  TESTS  FOR 
NAVY  STATIC  TEST  DATA  BY  LAY-UP 


SAMPLE  A 

SAMPLE  B 

0.95  SIGNIFICANCE 

SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

(48/48/4) 

(25/67/8) 

NO 

NO 

(48/48/4) 

(16/80/4) 

NO 

NO 

(25/67/8) 

(16/80/4) 

NO 

YES 

(48/48/4) 

ALL 

NO 

NO 

(25/67/8) 

ALL 

NO 

NO 

(16/80/4) 

ALL 

NO 

NO 

MODAL  a  =  18.0 
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The  significance  tests  on  the  variability  in  a  values  also 
showed  that,  in  general,  the  variability  in  a  is  not  signif¬ 
icantly  different  at  the  95-percent  significance  level.  However, 
the  results  in  Table  5  show  that  the  variability  in  a  for  the 
high  load  transfer  specimen  data  is  significantly  lower  than  the 
no-load  transfer  and  intermediate  load  transfer  specimen  test 
data.  In  addition,  Table  6  shows  that  the  variability  in  « 
values  for  the  (25/67/8)  lay-up  is  significantly  lower  than  the 
(16/80/4)  lay-up  a  values. 

3 . 2  Baseline  Data 

The  second  phase  of  the  static  test  data  analysis  was  to 
determine  the  scatter  in  the  extensive  data  in  References  12 
through  15.  This  is  termed  the  Baseline  data  set.  In  Reference 
12  the  specimen  used  was  1.0-inch  wide  and  1.0-inch  long  in  the 
test  area  with  3/16-inch  hole  at  the  specimen  center.  The  hole 
was  filled  with  an  unloaded  bolt.  Hercules  AS/3501-5A  graph¬ 
ite/epoxy  laminates  with  four  different  lay-ups  were  tested;  the 
lay-ups  were: 

1.  C-ply  (  0/+4  5/90) s 

2.  8-ply  ( 0/  +  4  5/0) s 

3.  16-ply  [ (0/+45/90) s] 2 ,  and 

4.  16-ply  [ (0/+45/0)s]2. 

Test  data  were  obtained  for  both  static  tension  and  com¬ 
pression  strength  under  RTD,  ETD,  RTW  and  ETW  environments. 
Fifteen  specimens  were  tested  at  each  test  condition.  In  Refer¬ 
ences  13  and  15  two  T300/934  graphite/epoxy  laminates  were  test¬ 
ed.  The  laminate  lay-ups  were  16-ply  (0/45/90/-452/90/45/0) s  and 
24-ply,  (0/45/02/-45/02/45/02/-45/0) s •  The  specimens  tested  were 

0.875-inch  wide  and  5.5  inches  long  in  the  test  area,  with  or 
without  a  0.25-inch  diameter  central  open  hole.  Both  tension  and 
compression  static  strength  data  were  obtained  under  RTD,  ETW 
environments.  At  least  15  specimens  were  tested  at  each  test 
condition.  Test  data  from  Reference  14  were  obtained  an  high 
load  transfer  bolted  joint  specimens.  The  laminate  at  the  join- 
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ing  area  was  48-ply  or  74-ply  AS/3501-5  graphite/epoxy.  The  test 
environments  were  RTD,  RTW,  and  ETW.  Ten  to  twenty  specimens 
were  tested  at  each  test  condition. 

The  results  of  the  scatter  analysis  for  Baseline  test  data 
are  presented  in  Table  7  and  Figure  10,  which  show  the  influence 
of  loading  mode  and  environment  on  the  Weibuii  shape- 
parameter,  a  .  The  trend  is  similar  to  that  observed  in  the 
Navy  static  test  data.  That  is,  tension  loading  and  RTD/ RTW  test 
conditions  again  show  higher  a  values  and  lower  data  scatter. 
These  trends  are  also  tested  for  significance  at  the  95-percent 
significance  level  and  the  results  are  summarized  in  Table  8. 
The  significance  checks  on  a  show  that  significant  difference, 
exist  between  the  scatter  in  tension  and  compression  data  for 
both  the  RTD  and  ETW  test  environments.  In  addition,  significant 
differences  also  exist  between  tension  data  scatter  for  the  RTD 
and  ETW  environments.  The  significance  checks  on  variability 
in  a  show  that  the  ETW  tension  data  have  significantly  lower 
scatter  than  the  other  static  test  data. 

The  overall  distribution  of  the  Weibull  shape  parameters 
for  the  Baseline  data  sets  is  shown  in  Figure  11.  A  Weibull 
analysis  is  performed  on  these  a's.  The  following  values  are 
determined : 

Mean  a  =  21.2 
Modal  a  =  22.0 
B-Basis  a  -  9.2 

Figure  12  shows  a  comparison  of  the  overall  distribution 
of  the  Weibull  shape  parameters  for  the  Navy  and  Baseline  data 
sets.  The  Navy  a  values  show  a  more  dispersed  distribution 
compared  to  the  Baseline  values. 

3 . 3  Combined  Data 

The  third  phase  of  the  analysis  is  to  analyze  the  data 
scatter  in  the  pooled  Navy  and  Baseline  data  sets.  This  is 
termed  the  Combined  data  set.  The  results  of  this  analysis  are 
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TABLE  8.  SUMMARY  OF  SIGNIFICANCE  TESTS  FOR  BASELINE 

STATIC  TEST  DATA  BY  LOADING  MODE  AND  ENVIRONMENT. 


SAMPLE  A 

SAMPLE  B 

0.95  SIGNIFICANCE 

SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

RTD/RTW  TENSION 

ETW  TENSION 

YES 

YES 

RTD/RTW  TENSION 

ALL  TENSION 

NO 

NO 

ETW  TENSION 

ALL  TENSION 

YES 

YES 

RTD/RTW  TENSION 

ALL  STATIC 

NO 

NO 

ETW  TENSION 

ALL  STATIC 

NO 

YES 

RTD/RTW  TENSION 

RTD/RTW 

YES 

NO 

COMPRESSION 

ETW  TENSION 

ETW  COMPRESSION 

YES 

NO 

ALL  TENSION 

ALL  COMPRESSION 

YES 

NO 

RTD/RTW 

ETW  COMPRESSION 

NO 

NO 

COMPRESSION 

RTD/RTW 

ALL  COMPRESSION 

NO 

NO 

COMPRESSION 

ETW  COMPRESSION 

ALL  COMPRESSION 

NO 

NO 

RTD/RTW 

ALL  STATIC 

NO 

NO 

COMPRESSION 

ETW  COMPRESSION 

ALL  STATIC 

YES 

NO 

ALL  TENSION 

ALL  STATIC 

NO 

NO 

ALL  COMPRESSION 

ALL  STATIC 

YES 

NO 
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OVERALL  DISTRIBUTION  OF  SCATTER  IN  BASELINE 
STATIC  STRENGTH  DATA. 
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presented  in  Table  9  and  Figure  13.  The  results  again  show  that 
tension  loading  and  the  RTD/RTW  environment  exhibit  higher  values 
and,  therefore,  lower  scatter.  The  trends  observed  in  Figure  13 
are  also  tested  for  statistical  significance  to  the  95-percent 
significance  level.  The  results  are  presented  in  Table  10  which 
show  that  the  trends  observed  in  Figure  13  for  tension  loading 
and  the  RTD/RTW  environment  are  statistically  significant  at  the 
95-percent  significance  level. 

Additional  significance  tests  are  conducted  between  the 
Navy  and  combined  static  test  data  sets.  The  results  are  pre¬ 
sented  in  Table  11  and  indicate  no  significant  differences  be¬ 
tween  the  two  data  sets.  The  overall  distribution  of  the  Weibull 
shape  parameters  for  the  combined  data  set  is  presented  in  Figure 
14.  A  Weibull  analysis  is  performed  on  these  a's.  The  following 
values  of  a  are  obtained: 


Mean 

a  = 

23. 

.2 

Modal 

a  = 

20. 

.  0 

B-Basis 

a  = 

8. 

,8 

A  comparison  of  the  Mean, 

Modal 

and 

B-Basis  values  for  the 

Navy,  Baseline,  and  combined  data  sets  is  given  in  Table  12. 
These  values  indicate  that  the  distribution  of  the  Weibull  shape 
parameter  (a)  for  the  three  data  sets  are  similar. 
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TABLE  9.  SUMMARY  OF  STATISTICAL  ANALYSIS  OF  COMBINED  STATIC  TEST  DATA. 
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SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

YES 

NO 

NO 

NO 

YES 

NO 

NO 

NO 

YES 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

YES 

NO 

NO 

NO 

NO 

NO 

BIB 
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TABLE  11.  SUMMARY  OF  SIGNIFICANCE  TESTS  BETWEEN  NAVY 
AND  COMBINED  STATIC  TEST  DATA. 


COMBINED  DATA 

NAVY  DATA 

0.95  SIGNIFICANCE 

SHAPE 

PARAMETER 

a 

VARIABILITY 

C.V. 

% 

RTD/RTW  TENSION 

RTD  TENSION 

NO 

NO 

ETW  TENSION 

ETW  TENSION 

NO 

NO 

RTD/RTW 

RTD  COMPRESSION 

NO 

NO 

COMPRESSION 

ETW  COMPRESSION 

ETW  COMPRESSION 

NO 

NO 

ALL  TENSION 

ALL  TENSION 

NO 

NO 

ALL  COMPRESSION 

ALL  COMPRESSION 

NO 

NO 

ALL  STATIC 

ALL  STATIC 

NO 

NO 

TABLE  12.  SUMMARY  OF  WEIBULL  ANALYSIS  FOR 
STATIC  TEST  DATA  SETS. 


DATA  SET 


WEIBULL  SHAPE  PARAMETER  <2 


MEAN 


MODAL  B-BASIS 


NAVY 

BASELINE 

COMBINED 


26.1 

21.2 

23.2 


;  18.0 

1  22.0 

i 

j  20.0 
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FIGURE  14.  OVERALL  DISTRIBUTION  OF  SCATTER  IN  COMBINED  STATIC  STRENGTH  DATA 
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SECTION  4 


FATIGUE  DATA  ANALYSIS 


The  fatigue  data  scatter  analysis  has  been  conducted  in 
the  same  three  phases  as  the  static  data  analysis.  First,  the 
fatigue  data  from  Reference  4  ("Navy"  data)  are  analyzed  in 
detail.  Second,  the  extensive  fatigue  data  scatter  analysis 
conducted  in  Reference  16  is  reviewed;  this  is  termed  the 
Baseline  data  set.  Third,  the  Navy  and  Baseline  data  sets  are 
pooled  to  form  a  combined  data  set  for  analysis  purposes. 

Wherever  possible  all  test  data  sets  are  analyzed  using 
the  three  selected  analysis  methods;  that  is,  Individual  Weibull, 
Joint  Weibull  and  the  Sendeckyj  analyses.  For  increased  analysis 
accuracy,  only  data  sets  containing  five  or  more  data  points  are 
used  for  the  Individual  Weibull  analysis.  Data  sets  for  the 
pooled  analysis  methods  generally  contain  a  minimum  of  fifteen 
data  points. 

Following  determination  of  fatigue  life  scatter  using  the 
three  methods  described  above,  the  significance  of  the  effects  of 
each  test  parameter  on  fatigue  life  data  scatter  are  determined. 
Significance  checks  are  conducted  using  the  methodology  described 
in  Section  2.3. 

4 . 1  Navy  Data 

The  Navy  fatigue  test  data  in  Reference  4  represent  a 
large  variety  of  test  variables,  which  are  summarized  in  Table  1. 

Tables  13  through  22  summarize  the  results  of  the  statis¬ 
tical  analyses  in  terms  of  five  variables:  R-ratio,  loading  mode, 
laminate  lay-up,  specimen  geometry  and  test  environment. 

The  influence  of  these  five  variables  on  the  individual 
Weibull  fatigue  life  shape  parameter  (aj)  is  presented  in  Figures 
15  through  20.  Test  variables  which  have  a  significant  influence 
(95%  significance)  on  aj  are  denoted  by  an  asterisk  in  these 
figures . 
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TABLE  13.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
R  -  -1  CONSTANT  AMPLITUDE  TEST  DATA. 


SPECIMEN 

TYPE 


NO  L/T 
INT.  L/T 
HIGH  L/T 
COMPLEX 


WEIBULL 

SHAPE  PARAMETER 

INDIVIDUAL 

POOLED 

a  P 

SENDECKYJ 

aS 

2./', 

:  92 

2.69 


3.75 
1 .45 
2.23 
2.17 


1.2 
1.01 
1 .58 
1.13 


TABLE  14.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
R  =-2  CONSTANT  AMPLITUDE  TEST  DATA. 


SPECIMEN 

TYPE 


NO  L/T 
INT.  L/T 
HIGH  L/T 
COMPLEX 


WEIBULL  SHAPE  PARAMETER 

INDIVIDUAL  POOLED  SENDECKYJ 
Ct  .  a  „ 
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TABLE  15.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
R  —  -  CONSTANT  AMPLITUDE  TEST  DATA. 


SPECIMEN 

TYPE 

WEIBULL  SHAPE  PARAMETER 

INDIVIDUAL 

“l 

POOLED 

ttP 

SENDECKYJ 

“e 

NO  L/T 

— 

2.67 

0.60 

INT.  L/T 

1 .08 

0.80 

0.52 

HIGH  L/T 

1  .80 

1.14 

0.9  1 

COMPLEX 

2.33 

1  .62 

0.57 

ALL 

1.58 

1  .56 

0.65 

TABLE  16.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
ALL  CONSTANT  AMPLITUDE  TEST  DATA. 
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SPECIMEN 

TYPE 

WEIBULL  SHAPE  PARAMETER 

INDIVIDUAL 

a« 

POOLED 

aP 

SENDECKYJ 

aS 

NO  L/T 

3.75 

1 .08 

INT.  L/T 

1 .68 

1.15 

0.79 

HIGH  L/T 

2.68 

2.07 

1  .46 

COMPLEX 

3.07 

2.46 

0.9  1 

ALL 

2.34 

t  ‘ 

!  2.36 

_ 

1.06 

_ 
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TABLE  17.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
ALL  SPECTRUM  TEST  DATA. 


SPECIMEN 

TYPE 

WEIBULL  SHAPE  PARAMETER 

INDIVIDUAL 

a. 

POOLED 

aP 

SENDECKYJ 

a8 

NO  L/T 

- 

- 

- 

INT.  L/T 

1.72 

1.15 

0.94 

HIGH  L/T 

2.60 

2.20 

1 .69 

COMPLEX 

2.14 

1.90 

1 .47 

ALL 

2.09 

1 .75 

1.37 

TABLE  18.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
ALL  (16/80/4)  FATIGUE  TEST  DATA. 


SPECIMEN 

TYPE 

WEIBULL  SHAPE  PARAMETER 

INDIVIDUAL 

a. 

POOLED 

aP 

SENDECKYJ 

as 

1- 

"-■H. 

_l 

o 

z 

2.98 

1.17 

INT.  L/T 

2.1  0 

1.17 

0.96 

HIGH  L/T 

2.67 

2.22 

1  .49 

COMPLEX 

1.7  5 

1.52 

0.86 

ALL 

2.17 

1 .97 

1.12 

T' 

£..v 


4G 


(V  "• 
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TABLE  19.  SUMMARY  OF  WEIBULL  SHAPE  PARAMETERS  FOR 
ALL  (48/48/4)  FATIGUE  TEST  DATA. 


1  f 

WEIBULL 

8HAPE  PARAMETER  j 

0 

m  3 
n 
2 

INDIVIDUAL 

ai 

POOLED 

aP 

SENDECKYJ 

aS 

1 

NO  L/T 

4.69 

0.99 

INT.  L/T  ! 

1 

1.08 

0.92 

0.65 

1 

HIGH  L/T 

2.60 

2.0  1 

1  .49 

COMPLEX  i 

J 

2.35 

1 .55 

0.90 

ALL 

_ i 

2.0  1 

2.29 

1  .0  1 

TABLE  20.  SUMMARY  OF  FATIGUE  LIFE  WEIBULL  SHAPE 

PARAMETERS  FOR  SPECIMEN  GEOMETRY  TEST  DATA 


SPECIMEN 

TYPE 

“l 

WEIBULL 

[ 

SHAPE  PARAMETER 

j  INDIVIDUAL  j 

«,  i 

i  l 

POOLED 

“P 

SENDECKYJ 

as 

NO  L/T 

! 

i 

;  1 

3.75 

1  .08 

INT.  L/T 

1.70  ; 

i 

1.15 

0.84 

HIGH  L/T 

2.67 

{ 

2.06 

1  .48 

COMPLEX 

i  2.74 

j 

2.23 

1  .05 

ALL 

I  2.29  ! 

i 

2.29 

1.11 
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TABLE  21.  SUMMARY  OF  FATIGUE  LIFE  WEIBULL  SHAPE 
PARAMETERS  FOR  ALL  RTD  TEST  DATA. 


SPECIMEN 

TYPE 

WEIBULL  SHAPE  PARAMETER  J 

INDIVIDUAL 

ai 

POOLED 

aP 

SENDECKYJ 

aS 

NO  L/T 

- 

3.8  1 

1.19 

INT.  L/T 

2.03 

1.28 

0.97 

HIGH  L/T 

3. 1  0 

2.0  1 

1.51 

COMPLEX 

3.22 

2.98 

1 .26 

ALL 

2.65 

2.52 

1 .23 

TABLE  22.  SUMMARY  OF  FATIGUE  LIFE  WEIBULL  SHAPE 
PARAMETERS  FOR  ETW  TEST  DATA. 


SPECIMEN 

TYPE 

WEIBULL  SHAPE  PARAMETER 

INDIVIDUAL 

a» 

POOLED 

aP 

SENDECKYJ 

as 

NO  L/T 

3.75 

0.98 

INT.  L/T 

1.36 

1.03 

0.70 

HIGH  L/T 

2.30 

2.2  1 

1  .57 

COMPLEX 

2.39 

1.7  1 

0.89 

ALL 

1.97 

2.18 

1.04 

48 
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INFLUENCE  OF  R-RATIO  ON  INDIVIDUAL  WEIBULL  FATIGUE  LIFE 
SHAPE  PARAMETER  (NAVY  DATA). 


SPECTRUM 
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INFLUENCE  OF  LOADING  MODE  ON  INDIVIDUAL  WEIBULL 
FATIGUE  LIFE  SHAPE  PARAMETER  (NAVY  DATA). 
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INFLUENCE  OF  TEST  ENVIRONMENT  ON  INDIVIDUAL  WEIBULL  FATIGUE 
LIFE  SHAPE  PARAMETER  (NAVY  DATA). 
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Figure  15  shows  the  influence  of  R-ratio  on  a  j  for  each 
specimen  type  and  the  total  (all)  data  set.  The  results  for  the 
total  data  set  show  that  R  =  -oo  loading  produces  a  significantly 
lower  a  i  and  higher  life  scatter  than  both  the  R  =  -2  and  -1 
loading  modes.  This  observation  is  also  significant  for  the 
intermediate  and  high  load  transfer  specimen  data  sets.  However, 
the  complex  specimen  data  set  shows  a  different  trend,  in  that 
the  R  =  -2  loading  mode  has  a  significantly  higher  aj  and  lower 
scatter  than  the  other  loading  modes. 

Figure  16  presents  the  influence  of  fatigue  loading  mode 
on  fatigue  life  scatter.  For  the  total  (all)  data  set,  there  is 
no  significant  difference  between  the  dj  values  for  constant 
amplitude  and  upper  wing  spectrum  loading  modes.  This  conclusion 
also  holds  for  the  intermediate  and  high  load  transfer  specimen 
data  sets.  In  contrast,  for  the  complex  specimen,  constant 
amplitude  data  have  a  significantly  higher  aj  and  lower  life 
scatter  than  the  spectrum  fatigue  data. 

Figure  17  presents  the  influence  of  laminate  lay-up  on 
fatigue  life  scatter.  For  both  the  total  (all)  data  set  and  the 
individual  data  sets  dj  is  not  significantly  influenced  by  lami¬ 
nate  lay-up. 

Figure  18  presents  the  influence  of  specimen  geometry  on 
fatigue  life  scatter.  For  the  total  (all)  data  set,  the  interme¬ 
diate  load  transfer  joint  shows  a  significantly  lower  dj  and 
higher  fatigue  life  scatter  than  the  high  load  transfer  and 
complex  specimens.  This  trend  is  also  observed  for  the  individu¬ 
al  R  =  -1,  -2  and  -<»  data  sets;  however,  it  is  only  determined  to 
be  statistically  significant  for  the  R  =  -2  data. 

Figure  19  shows  the  influence  of  test  environment  on 
fatigue  life  scatter.  The  total  (all)  data  show  that  RTD  test 
data  have  a  significantly  higher  dj  and  lower  fatigue  life  scat¬ 
ter  than  the  ETW  test  data.  This  trend  is  also  observed  for  all 
three  specimen  geometries.  However,  it  is  only  statistically 
significant  for  the  intermediate  load  transfer  specimen. 
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Figure  20  summarizes  the  influence  of  all  five  test  varia¬ 
bles  on  fatigue  life  scatter  (ag)  for  the  total  Navy  data  set. 
The  following  conclusions  can  be  made  from  the  data  in  this 
figure . 

•  Compression-compression  (R  =  -oo)  fatigue  loading  pro¬ 
duces  a  significantly  higher  fatigue  life  scatter  than 
compression-tension  (R  =  -1  and  -2)  fatigue  loading. 

•  There  is  no  significant  difference  between  fatigue  life 
scatter  for  constant  amplitude  and  spectrum  loading. 

•  Laminate  lay-up  does  not  significantly  influence  fa¬ 
tigue  life  scatter. 

•  Intermediate  load  transfer  specimen  fatigue  life  scat¬ 
ter  is  significantly  higher  than  high  load  transfer  and 
complex  specimen  fatigue  life  scatter. 

•  The  RTD  test  environment  produces  significantly  lower 
fatigue  life  scatter  than  the  ETW  test  environment. 

Detailed  analysis  of  all  the  Individual  Weibull  shape 
parameters,  ag,  showed  that  neither  fatigue  load  level  nor  fa¬ 
tigue  life  has  any  significant  influence  on  ag.  Typical  data 
analyses  supporting  this  conclusion  are  shown  in  Figures  3,  21 

and  22,  respectively. 

The  fatigue  life  shape  parameters  determined  by  the  Joint 
Weibull  and  Sendeckyj  analyses  (which  are  presented  in  Table  13 
through  22)  also  show  similar  trends  to  those  presented  for  the 
Individual  Weibull  analyses  in  Figures  15  through  20.  However, 
the  methods  pr  auced  different  absolute  values  of  the  fatigue 
life  shape  parameter.  Comparisons  of  the  three  methods  are  shown 
in  Figures  23  through  29  and  Table  23.  Figure  28  s  \ows  a  compar¬ 
ison  of  the  mean  a  values  determined  for  each  analysis  method. 
It  should  be  noted  that  the  data  base  used  for  this  comparison 
excluded  the  no-load  transfer  open  hole  specimen  data  because 
these  data  were  inadequate  for  individual  Weibull  analysis.  The 
comparison  in  Figure  28  shows  that  the  Individual  Weibull  analy¬ 
sis  gave  the  highest  a  values  and  the  Sendeckyj  analysis  the 
lowest  (i  value.  Significance  checks  determined  that  the 
Sendeckyj  mean  a  value  was  significantly  lower  than  both  the 
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FIGURE  25.  INFLUENCE  OF  FATIGUE  LIFE  SCATTER  ANALYSIS  METHODS  ON  WEIBULL 
SHAPE  PARAMETERS  -  LAY-UP  EFFECTS  (NAVY  DATA). 
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FIGURE  27.  INFLUENCE  OF  FATIGUE  LIFE  SCATTER  ANALYSIS  METHOD  ON  WEIBULL 
SHAPE  PARAMETER  -  ENVIRONMENT  EFFECTS  (NAVY  DATA). 
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Individual  and  Joint  (pooled)  Weibull  analysis  a  values.  This 
indicates  that  the  Sendeckyj  analysis  gives  a  higher  scatter  in 
fatigue  life.  The  trend  observed  in  Figure  28  is  anticipated 
since  the  two  pooling  techniques  are  unbiased  compared  to  the 
arithmetically  averaged  Individual  Weibull  a  values.  Figure  29 
compares  the  fatigue  life  scatter  distributions  determined  by 
each  analysis  method  and  Table  23  summarizes  the  mean,  modal  and 
B-Basis  a  values  determined  from  each  of  these  distributions. 

The  influence  of  fatigue  failure  mode  on  fatigue  life 
scatter  was  investigated  for  the  high  load  transfer  specimen 
fatigue  failure  data.  In  these  tests,  two  failure  modes  were 
consistently  observed.  They  were:  laminate  rupture  and  hole 
wear-out.  The  test  data  are  analyzed  in  two  ways.  First  as  a 
total  data  base  and  second,  the  laminate  rupture  failures  are 
censored  from  the  data  base.  Figure  30  presents  a  comparison  of 
the  fatigue  life  scatter  values  for  the  two  data  bases.  The  data 
show  that  the  fatigue  life  scatter  is  the  same  for  both  data 
sets.  Thus,  it  can  be  concluded  that  the  mixed  failure  modes  did 
not  increase  fatigue  life  scatter  for  the  high  load  transfer 
specimen . 

4 . 2  Baseline  Data 

The  baseline  data  analysis  was  conducted  in  Reference  16 
on  a  wide  range  of  graphite/epoxy  fatigue  data.  A  summary  of  the 
data  analyzed  in  the  reference  is  shown  in  Table  24.  A  total  of 
120  sets  of  graphite/epoxy  fatigue  data  with  2925  data  points 
were  used  in  the  Sendeckyj  analysis.  Among  the  data  59  data  sets 
with  830  data  points  were  found  adequate  for  individual  Weibull 
analysis.  The  results  of  the  individual  Weibull  analysis  are 
shown  in  Figure  31.  These  results  are  compared  with  that  of  the 
Navy  data.  Figure  32  shows  a  comparison  of  the  distribution  of 
the  individual  Weibull  shape  parameter  values  for  the  Navy  and 
baseline  data.  The  distributions  are  very  similar,  except  that 
Navy  data  show  a  slightly  higher  dispersion. 
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TABLE  24.  SUMMARY  OF  COMPOSITE  FATIGUE  TEST  DATA 
ANALYZED  IN  REFERENCE  16. 


ANALYSIS 

METHOD 

MATERIAL 

NO.  OF 

DATA  SETS 

NO.  OF 

DATA  POINTS 

AVERAGE 
SAMPLE  SIZE 

SENDECKYJ 

GRAPHITE/EPOXY 

120 

2925 

24 

INDIVIDUAL 

GRAPHITE/EPOXY 

59 

830 

14 

WEI3ULL 

E-G  LASS/EPOXY 

26 

450 

17 

STEP-LAP 

BONDED  JOINT 

23 

i 

419 

18 

FIGURE  31.  FATIGUE  LIFE  SCATTER  DISTRIBUTION  (BASELINE  DATA). 
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4  .  3  Combined  Data 

The  Navy  and  baseline  data  sets  are  pooled  to  form  a 
combined  data  set.  The  distribution  of  a  values  for  the  combined 
data  set  is  shown  in  Figure  33.  Table  25  presents  a  comparison 
of  the  mean,  modal  and  B-Basis  a  lues  for  the  Navy,  Baseline 
and  combined  data  sets.  All  three  data  sets  have  the  same  modal 
a  value.  The  Navy  data  have  a  higher  mean  a  and  a  lower  B-Basis 
a  value  than  the  Baseline  data.  This  implies  less  fatigue  life 
scatter  in  the  Navy  data,  but  more  dispersion  in  the  distribution 
of  the  a  values.  However,  statistical  significance  checks  showed 
that  the  differences  in  Mean  and  B-Basis  a  between  the  Navy  and 
Baseline  data  sets  is  not  significant. 

Based  on  detailed  comparisons  of  the  Navy  fatigue  data 
with  the  extensive  Baseline  fatigue  data  base,  it  can  be  con¬ 
cluded  that  the  Navy  data  fits  well  within  the  overall  composite 
fatigue  data  base. 

4 . 4  Comparison  of  Static  Strength  and  Fatigue  Life  Scatter 

Distributions 

Figure  34  shows  a  comparison  of  static  strength  and  fa¬ 
tigue  life  scatter  as  determined  by  the  Individual  Weibull  analy¬ 
sis.  It  can  be  seen  that  the  fatigue  life  and  static  strength 
scatter  distributions  have  similar  shapes.  However,  fatigue  life 
exhibits  significantly  more  scatter  than  static  strength. 

4 . 5  Comparison  of  Composite  and  Aluminum  Fatigue  Life  Scatter 

An  extensive  investigation  of  fatigue  life  scatter  in  2000 
and  7000  series  aluminum  alloys  was  conducted  in  Reference  17. 
The  fatigue  life  scatter  data  in  this  reference  are  used  to 
generate  the  scatter  distributions  shown  in  Figure  35.  It  should 
be  noted  that  the  fatigue  life  scatter  data  in  Reference  17  are 
carefully  censored,  such  that  only  data  sets  containing  five  or 
more  data  points  are  included  for  the  analysis  in  Figure  35. 
Figure  35  shows  that  for  these  aluminum  alloys,  the  fatigue  life 
scatter  distributions  are  significantly  affected  by  loading  mode. 
Spectrum  fatigue  loading  exhibits  significantly  less  fatigue  life- 
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TABLE  25.  COMPARISON  OF  FATIGUE  LIFE  SHAPE  PARAMETERS 
FOR  NAVY,  BASELINE  AND  COMBINED  DATA  SETS. 


DATA 

MEAN 

a 

MODAL 

a 

B-BASIS 

a 

NAVY 

2.29 

1.25 

0.17 

BASELINE 

1.68 

1.25 

0.26 

COMBINED 

2.17 

1.25 

0.18 

COMBINED  DATA 
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scatter.  This  is  different  from  that  observed  for  graphite/ epoxy 
composites,  where  Figure  36  show  that  constant  amplitude  and 
spectrum  loading  exhibits  very  similar  life  scatter.  The  reason 
for  this  difference  is  related  to  the  relative  slopes  of  compos¬ 
ite  and  aluminum  stress-life  curves.  Composite  S-N  curves  are 
relatively  flat  and  have  approximately  a  constant  slope.  This 
leads  to  composite  life  scatter  being  independent  of  fatigue  load 
level  and  fatigue  life  as  shown  in  Figure  3,  21  and  22.  In 
contrast,  aluminum  alloys  have  S-N  curves  which  vary  considerably 
in  slope.  The  slope  decreases  as  fatigue  life  increases.  This 
causes  fatigue  life  scatter  in  aluminum  alloys  to  increase  as 
fatigue  life  increases  (Reference  17) .  In  spectrum  fatigue  tests 
of  aluminum  alloys,  the  major  part  of  the  total  damage  is  caused 
by  the  higher  load  levels.  Thus,  spectrum  tests  are  effectively 
low-cycle,  low-life  fatigue  tests  (even  though  the  total  number 
of  spectrum  cycles  is  large)  and  will,  therefore,  exhibit  lower 
life  scatter. 

Figure  37  shows  a  comparison  of  the  fatigue  life  scatter 
distributions  for  graphite/ epoxy  composite  and  aluminum.  The 
aluminum  spectrum  loading  life  scatter  is  used  in  this  comparison 
since  certification  testing  is  invariably  conducted  under  spec¬ 
trum  loading.  Figure  37  shows  that  graphite/epoxy  laminates 
exhibit  considerably  more  life  scatter  than  aluminum  alloys. 

Table  26  presents  a  summary  of  fatigue  life  shape  parame¬ 
ters  for  graphite/ epoxy ,  E-glass/ epoxy  and  aluminum.  The  data 
show  that  both  graphite/ epoxy  and  E-glass/epoxy  exhibit  similar 
life  scatter,  which  is  significantly  higher  than  that  exhibited 
by  aluminum  alloys. 
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FIGURE  36.  INFLUENCE  OF  FATIGUE  LOADING  MODE  ON  COMPOSITE 
LIFE  SCATTER  (NAVY  DATA). 
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SECTION  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


5 . 1  Conclusions 

Based  on  the  results  of  Task  I  data  analysis,  the  follow¬ 
ing  conclusions  can  be  made: 

1.  Navy  data  (Reference  4),  both  static  strength  and 
fatigue  life,  fits  well  within  the  overall  composite 
data  base  published  in  the  literature. 

2.  Composite  fatigue  life  exhibits  significantly  higher 
scatter  than  static  strength  (more  than  one  order  of 
magnitude  in  Weibull  shape  parameter) . 

3.  Composite  fatigue  life  scatter  is  significantly  higher 
than  that  exhibited  by  aluminum  alloys. 

4.  Composite  static  strength  scatter  is  not  significantly 
influenced  by  test  variables  such  as  loading  mode, 
specimen  geometry,  test  environment  and  laminate  lay¬ 
up  . 

5.  Composite  fatigue  life  scatter  is  not  significantly 
influenced  by  load  level,  loading  mode,  laminated  lay¬ 
up,  fatigue  life,  and  failure  mode.  This  justifies 
the  use  of  pooling  techniques  in  fatigue  data  analy¬ 
sis  . 

6.  Composite  fatigue  life  scatter  may  be.  influenced  by  R- 
ratio,  specimen  geometry  and  environment. 

5 . 2  Recommendations 

This  section  contains  recommendations  for  statistical 
analysis  techniques  for  the  determination  of  composite  data 
scatter  and  static  strength  and  fatigue  life  scatter  values. 

1.  The  two-parameter  Weibull  distribution  is  recommended 
for  static  strength  and  fatigue  life  test  data  scatter 
analysis  for  the  reasons  stated  in  Section  2. 
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2.  The  use  of  a  Weibull  analysis  for  fatigue  life  scatter 
determination  requires  a  large  number  of  test  replica¬ 
tions  at  each  stress  level.  Where  these  types  of  data 
are  not  available  or  it  is  uneconomic  to  obtain  such 
data,  a  pooled  analysis  method  is  recommended.  The 
recommended  pooling  analyses  are  the  Joint  Weibull 
analysis  and  the  Sendeckyj  analysis. 

3.  It  is  recommended  that  the  modal  values  of  a  calcu¬ 
lated  from  the  combined  data  base  for  static  strength 
and  fatigue  life  be  used  to  determine  graphite/ epoxy 
scatter  factors.  The  values  are: 

Static  Strength  a?  =  20.0 

Fatigue  Life  cl  =1.25 

Although  both  the  static  strength  and  fatigue  life  Weibull  shape 
parameters  were  shown  to  be  significantly  influenced  by  some  test 
parameters,  single  values  are  recommended  for  the  following 
reasons : 

(1)  Simplicity 

(2)  Modal  a  values  are  lower  than  mean  a  values 
and,  therefore,  represent  conservative  val¬ 
ues  . 


82 


v"v  ,•  wr>  •  i r*  nn  i 


'  vr-  V"  rr  w*  ■  v-  •  v~ti 


N  ADC-87042-60 

REFERENCES 


Ritchie,  G.  L.  ,  et  al.  ,  ''Composite  Wing/Fuselage  Program," 
Interim  Reports  l  through  10,  Contract  No.  F33615-79-C-3203 , 
October  1979  to  April  1984. 

Whittaker,  I.  C.  and  Besuner,  P.  M. ,  "A  Reliability  Analysis 
Approach  to  Fatigue  Life  Variability  of  Aircraft  Struc¬ 
tures,"  AFML-TR-69 -6 5 ,  April  1969. 

Sendeckyj ,  G.  P.  ,  "Fitting  Models  to  Composite  Materials 
Fatigue  Data,"  ASTM  STP  734,  1981,  pp.  245-260. 

Badaliance,  R.  and  Dill,  H.  D.  ,  "Compression  Fatigue  Life 
Prediction  Methodology  for  Composite  Structures,"  NADC- 
83060-60  Volumes  1  and  2,  September  1982. 

Sendeckyj,  G.  P.,  "Effect  of  Stress  Ratio  on  Fatigue  Life  of 
Composites,"  presented  at  8th  Annual  Mechanics  of  Composites 
Review,  Dayton,  Ohio,  5-7  October,  1982,  AFWAL-TR-83-4005 
(April  1983)  . 

Sendeckyj,  G.  P.,  Stalnaker,  H.  D. ,  Bates,  L.  G.,  Kleismist, 
R.  A.  and  Smith  J.  V.  ,  "Effect  of  Stress  Ratio  on  Fatigue 
Behavior  of  Composite  Materials,"  Composite  Technology 
Review,  to  be  published. 

Thoman,  D.  R.,  Bain,  L.  J.  and  Artie,  C.  E.,  "Influences  on 
the  Parameters  of  the  Weibull  Distribution,"  Technometrics , 
Vol  .  11,  No.  3,  August  1968,  pp .  445-460. 

Thoman,  D.  R.  ,  and  Bain  L.  J.,  "Two  Sample  Tests  in  the 
Weibull  Distribution,"  Technometrics ,  Vol.  11,  No.  4,  Novem¬ 
ber  1968,  pp.  805-815. 

Schafer,  R.  E.  and  Sheffield,  T.  S.,  "On  Procedures  for 
Comparing  Two  Weibull  Populations,"  Technometrics ,  Vol.  18, 
No.  2,  May  1976,  pp.  231-235. 

McCool ,  J.  I.,  "Inferential  Techniques  for  Weibull 
Populations,"  ARL-TR-74-180,  December  1974. 


83 


v  -  *  v  >  V  ■ 


N\% 


w-r  ^ ■  oTjr  rvtr  ~*r  J“ 


j-  \T  i~  V’.i  WAJ  i 


■4-1  «.T  .*»1  VI  VTI 


NADC-87042-G0 

Park,  w.  J.,  "Pooled  Estimations  of  the  Parameters  on 
Weibull  Distribution,"  AFML-TR-79-4112 ,  August  1979. 

Shyprykevich,  P.  ,  Whiteside,  J.  B.  ,  Walter,  W.  and 
Delasi,  R. ,  "Environmental  Sensitivity  of  Advanced  Compos¬ 
ites,  Volume  II,  Baseline  Data  Definition  and  Environmental 
Sensitivity,"  AFWAL-TR-80-3076,  Vol .  II,  August  1980. 

Ryder,  J.  T.  and  Walker,  E.  K.  ,  "The  Effect  of  Compressive 
Loading  on  the  Fatigue  Lifetime  of  Graphite/Epoxy  Lami¬ 
nates,"  AFML-TR-79-4128 ,  October  1979. 

Jeans,  L.  L. ,  Grimes  G.  C.  and  Kan,  H.  P. ,  "Fatigue  Spectrum 
Sensitivity  Study  for  Advanced  Composite  Materials,  Vol¬ 
ume  I  -  Technical  Summary,"  AFWAL-TR-80-3130,  Vol.  I,  Decem¬ 
ber  1980. 

Ryder,  J.  T.  and  Walker,  E.  K. ,  "Ascertainment  of  the  Effect 
of  Compression  Loading  on  the  Fatigue  Lifetime  of  Graph¬ 
ite/Epoxy  Laminates  for  Structural  Applications,"  AFML-TR- 
76-241,  December  197b. 

Whitehead,  R.  S.  and  Schwarz,  M.  G.  ,  "The  Role  of  Fatigue 
Scatter  in  the  Certification  of  Composite  Structures," 
presented  at  ASTM  Symposium  on  the  Long  Term  Behavior  of 
Composites,  Williamsburg,  Virginia  (March  1982) . 

Impellizzeri,  L.  F.,  Siegel,  A.  E.  and  McGinnis,  R.  A., 
"Evaluation  of  Structural  Reliability  Analysis  Procedures  as 
Applied  to  a  Fighter  Aircraft,"  AFML-TR-73-150  (September 
1973)  . 


84 


■> 


v  *  ■ 

■>v. 


'/W 


NADC-87042-60 


DISTRIBUTION  LIST 
GOVERNMENT  ACTIVITIES  (continued) 

NO. L  OF 
COPIES 

NAVSHIPRANDCEN ,  Annapolis,  MD  21402 

(Attn:  H.  Edelstein,  Code  2870).  .....  1 

NRL,  Washington,  D.C.  20375 

(Attn:  Dr.  I.  Wolock,  Code  6122;  Dr.  C.  I.  Chang) 

and  Dr.  R.  Badallance),  .....  3 


NSWC ,  WHITE  OAK  LABORATORY,  Silver  Spring,  MD  20910 

(Attn:  Dr.  J.  Goff,  Materials  Evaluation  Branch,  Code  R-34).  1 

(Attn:  Dr.  J.  M.  Augl).  ......  1 


ONR,  800  N. 

Quincy  Street,  Arlington, 

VA 

22217 

(Attn: 

:  A.  Kushner,  Code  432/A; 

Y. 

Rajapakse,  Code  1132SM). 

2 

ONT,  800  N. 

Quincy  Street,  Arlington, 

VA 

22217 

(Attn:  Cdr.  D.  Brown,  OCNR-212).  .....  I 

PLASTEC ,  Picatinny  Arsenal,  Dover,  NJ  07801 

(Attn:  H.  Pebly).  .......  1 

(Attn:  Librarian,  Code  DRDAR-SCM-0,  Bldg.  351-N).  .  .  1 

ARMY  MATERIALS  TECHNOLOGY  LABORATORY,  Watertown,  MA  02172-0001.  .  1 

(Attn:  D.  Oplinger,  SLCMT-MS).  .....  1 

U.  S.  ARMY  APPLIED  TECHNOLOGY  LABORATORY,  USARTL,  (AVRADCOM), 

Ft.  Eustls,  VA  23604 

(Attn:  J.  Waller;  T.  Mazza).  .....  2 

U.  S.  ARMY  AIR  MOBILITY  R&D  LABORATORY,  Ft.  Eustis,  VA  23604 

(Attn:  H.  Reddick).  .......  1 

U.  S.  ARMY  R&T  LABORATORY  (AVRADCOM),  Ames  Research  Center, 

Moffet  Field,  CA  94035 

(Attn:  F.  Immen ,  DAVDL-AS-MS  207-5).  .  .  .  .  1 

U.  S.  NAVAL  ACADEMY,  Annapolis,  MD  21402 

(Attn:  Dr.  R.  D.  Jamison,  Mechanical  Engineering  Department)  1 

DAVID  TAYLOR  NAVAL  SHIP  RESEARCH  &  DEVELOPMENT  CENTER, 

Annapolis,  MD  21402 

(Attn:  E.  T.  Camponeschi,  Code  2844;  R.  Crane,  Code  2844).  .  2 

DAVID  TAYLOR  NAVAL  SHIP  R&D  CENTER 
Bethesda,  MD  20084 

(Attn:  A.  Macander,  Code  1720.  .....  1 


NAVAIRDKVCEN,  Warminster,  PA  18974 

(Attn:  Code  8131).  .......  1 

(Attn:  Code  09l2).  .......  2 


V  *1  ^JT  W3T  nn  *JD  -7  \JV  ’  ^  L*V  W  \ "V  ’.T*  yr  ;  -*  ] 


NADC-87042-60 


DISTR1B UT ION  LIST 
GOVERNMENT  ACTIVITIES 

NO.  OF 
COPIES 

AFWAL ,  WPAFB,  OH  45433 

(Attn:  FIBEC,  Dr.  G.  Sendeckyj).  .....  1 

(Attn:  FIB/L.  Kelly,  W.  Goesch,  C.  Ramsey).  ...  3 

(Attn:  FIBCA).  ........  1 

(Attn:  F l BE /Mr .  D .  Smith).  ......  1 

(Attn:  MLBM/Dr.  J.  Whitney,  M.  Knight).  ....  2 

(Attn:  MLB/F.  Cherry).  .......  1 

(Attn:  MBC /Reinhart ) .  .......  1 

(Attn:  AFWAL/MLSE/S .  Fecheck).  .....  1 

DEPARTMENT  OF  THE  AIR  FORCE,  Bldg.  410,  Bolling  Air  Force  Base, 

Washington,  D.C.  20332 

(Attn:  Dr.  M.  Salkind,  Dr.  Amos).  .....  2 

DEFENSE  TECHNICAL  INFORMATION  CENTER  (DTIC),  Bldg.  //5,  Cameron 
Station,  Alexandria,  VA  22314 

(Attn:  Administrator).  .......  2 

FAA,  Washington,  D.C.  20591 

(Attn:  J.  R.  Soderquist,  AW  103).  .....  1 

FAA,  Technical  Center,  Atlantic  City,  NJ  08405 

(Attn:  L.  Neri,  Code  ACT-330;  M.  Caiafa,  Code  ACT-330).  .  2 

NASA  Headquarters,  Washington,  D.C.  20546 

(Attn:  Airtrames  Branch,  FS-120).  .....  1 

(Attn:  0AST/RM  Dr.  D.  Mulville).  .....  1 

NASA,  George  C.  Marshall  Space  Flight  Center,  Huntsville,  AL  35812 

(Attn:  E.  E.  Engler,  S&E-ASTN-ES.  .....  1 

(Attn:  R,  Schwi nghamer ,  S&E-ASTN-M) .  1 

NASA,  Langley  Research  Center,  Hampton,  VA  23365 

(Attn:  Dr.  J.  R.  Davidson,  MS  I88E;  Dr.  J.  Starnes,  MS  190; 

Dr.  M.  Mikulus,  H.  Bohan,  and  Dr.  C.  P.  Rlakenship,  MS  1S9M).  5 

NASA,  Lewis  Research  Center,  Cleveland,  OH  44135 

(Attn:  Dr.  C.  Chamis,  MS  49-6;  M.  Hershberg,  MS  49-6).  .  2 

NAVAIRSYSC0M,  Washington,  D.C.  20361 

(Attn:  AIR-00D4).  .......  1 

(Attn:  AIR-530).  ........  1 

(Attn:  AIR-5302D).  .......  1 

(Attn:  AIR-5302).  .......  1 

(Attn:  AT  R-5302  F  ) .  .......  1 

(Attn:  AIR-530320).  .......  1 

(Attn:  AIR-931 B) .  .......  1 

NAV PGSCHL ,  Monterey,  CA  95940 

(Attn:  Prof.  R.  Rail,  Prof.  M.  H.  Bank,  Prof.  K.  Challenger)  3 

NAVSEASYSCOM,  Washington,  D.C.  20360 

(Attn:  C.  Zannis,  Sea  05R25).  .....  1 

NAVSEC,  Arlington,  VA  20360 

(Attn:  NS EC -6 10 IE  )  .  .......  1 


wWW’u*  EwK  ?*K  ?\Ji  -X  I'V.  V>-  W.L>  \.> 


\-%i  l  \  \  i  vmm\ nj \  m. 


NADC-87042-60 


DISTRIBUTION  LIST 

NON-GOVERNMENT  ACTIVITIES  (continued) 


NO.  OF 
COPIES 


MCDONNELL -DOU GLAS  CORP.,  St.  Louis,  MO  63166 

(Attn:  K.  Stenberg,  R.  Garrett,  R.  Riley,  J.  Doerr).  .  .  4 

MCDONNELL-DOUGLAS  CORP.,  Long  Beach,  CA  90846 

(Attn :  J »  P aimer ).  .  .  .  .  •  .  .  1 

MCDONNELL-DOUGLAS  HELICOPTER  CO.,  Culver  City,  CA  90230 

(Attn:  J.  K.  Sen,  Trailer  2002).  .....  1 

NORTHROP  AIRCRAFT  CORP.,  One  Northrop  Ave . ,  Hawthorne,  CA  90250 

(Attn:  Dr.  M.  Ratwani ,  B.  Butler  and  R.  Whitehead)).  .  .  1 

ROCKWELL  INTERNATIONAL,  Columbus,  OH  43216 

(Attn:  M.  Schweiger).  .......  1 

ROCKWELL  INTERNATIONAL,  Los  Angeles,  CA  90009 

(Attn:  Dr.  Lackman).  .......  1 

(Attn:  W.  O'Brien).  .......  1 

ROCKWELL  INTERNATIONAL,  Tulsa,  OK  74151 

(Attn:  F.  Kaufman).  .......  1 

SIKORSKY  AIRCRAFT,  Stratford,  CT  06622 

(Attn:  S.  Garbo).  .......  1 

TELEDYNE  RYAN  AERONAUTICAL  CO.,  San  Diego,  CA  92138 

(Attn:  R.  Long).  ......  .  1 


ALCOA  DEFENSE  SYSTEMS  CORP.,  16761  Via  delCampo  Court, 

San  Diego,  CA  92127 

(Attn:  D.  Myers).  .......  1 

AVCO,  Specialty  Materials  Div  ,  2  Industrial  Avenue, 

Lowell,  MA  01851 

(Attn:  William  F.  Grant).  ......  1 

BEECH  AIRCRAFT  CORP.,  4130  Linden  Avenue,  Dayton  OH  45432 

(Attn:  M.  B.  Goetz).  .......  1 

BELL  HELICOPTER  CO.,  Fort  Worth,  TX  76101 

(Attn:  M.  K.  Stevenson).  ......  1 

BOEING  CO.,  P.0.  Box  3707,  Seattle,  WA  98124 

(Attn:  J.  McCarty,  J.  Quinliven,  and  Dr.  R.  June).  .  .  3 

BOEING  CO.,  Vertol  Division,  P.  0.  Box  16858,  Philadelphia,  PA  19142 

(Attn:  R.  L.  Pinckney).  .  .  .  .  .  .  1 

(Attn:  D.  Hart).  ........  1 

(Attn:  C.  Albrecht).  .......  1 

BOEING  CO.,  Wichita,  KS  67277-7730 

(Attn:  J.  Avery).  .......  1 

(Attn:  R.  Waner).  .......  1 

DEPARTMENT  OF  TRANSPORTATION,  Kendall  Square,  Cambridge,  MA  02142 

(Attn:  Dr.  Ping  Tong,  DTS  76,  TSC).  .....  1 

GENERAL  DYNAMICS /CONVAIR,  San  Diego,  CA  92138 

(Attn:  D.  R.  Dunbar).  .......  1 

GENERAL  DYNAMICS,  Fort  Worth  Division,  P.0.  Box  748, 

Fort  Worth,  TX  76101 

.(Attn:  J.  A.  Fant).  .......  1 

(Attn:  Composite  Structures  Eng.  Dept.)  .  .  .  .  1 

GENERAL  ELECTRIC  CO.,  Philadelphia,  PA  19101 

(Attn:  A.  Garber,  C.  Zweben).  .....  2 

GRUMMAN  CORPORATION,  South  Oyster  Bay  Rd . ,  Bethpage,  NY  11714 

(Attn:  R.  Hadcock).  .......  1 

(Attn:  S.  Dastin).  .......  1 

LOCKHEED-CALIFORNIA  CO.,  Burbank,  CA  91510 

(Attn:  E.  K.  Walker).  .......  1 

(Attn:  A.  Vaughn).  .......  1 

(Attn:  A.  James).  .......  1 

LOCKHEED -MISSILE  &  SPACE  CO.,  1111  Lockheed  Way,  Sunnyvale,  CA  94086 

(Attn:  J.  A.  Bailie).  .......  1 

LOCKHEED-CALIFORNIA  CO.,  Rye  Canyon  Research  Laboratory, 

Burbank,  CA  91520 

(Attn:  D.  E.  Pettit).  .......  1 

LTV  AEROSPACE  &  DEFENSE  CO.,  Vought  Missile  &  Advanced  Program  Div., 

P.O.  Box  225907,  Dallas,  TX  75265-0003 

(Attn:  R.  Knight).  .......  1 


r 


DEPARTMENT  OF  THE  NAVY 

NAVAL  AIR  WARFARE  CENTER 
AIRCRAFT  DIVISION 


&MZ.Z8&4 


5510 

874000R74/Ser  10016 
24  May  96 


From:  Commanding  Officer,  Naval  Air  Warfare  Center 
Aircraft  Division  Warminster 

Subj :  CHANGE  OF  DISTRIBUTION  STATEMENT 

Ref:  (a)  NADC  Report  No.  NADC-87042-60,  Volumes  I  and  H 

Subj:  Certification  Testing  Methodology  for  Composite  Structures 


1.  With  the  concurrence  of  the  FAA  Technical  Center,  Atlantic  City,  N.J.,  the  other 
agency  for  which  reference  (a)  was  prepared,  the  distribution  statement  for  the  report  is 
changed  to:  Distribution  Statement  A  -  Distribution  Unlimited  -  Approved  for 
Public  Release. 


tUCcH.  HEATH,  JR. 
By  direction 


Distribution: 
List  attached 


S,\\Z  ?S&  \ 


